INTRODUCTION
============

Renewable electrochemical energy conversion and storage technologies are promising in addressing global energy and environmental challenges ([@R1], [@R2]). Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are two key electrochemical processes that take place in a wide range of renewable electrochemical energy conversion and storage devices, including rechargeable metal-air batteries, regenerative fuel cells, and water splitting cells ([@R3]--[@R12]). However, the overall efficiency of these devices has been severely limited by the sluggish kinetics in the electrocatalytic reduction and evolution of molecular oxygen ([@R13]--[@R15]). Therefore, noble metals and transition metal (Ni, Co, Mn, and Fe) catalysts have been widely used for electrocatalysis of ORR and OER ([@R16], [@R17]). Unfortunately, the scarcity, high cost, and inferior durability of these metal-based catalysts have hampered the widespread and large-scale applications of these renewable energy technologies.

Along with the extensive research and development of the noble metal-based ORR and OER catalysts ([@R18]--[@R22]), carbon nanomaterials ([@R10]), such as heteroatom-doped carbon nanotubes (CNTs) and graphene, have been studied as metal-free electrocatalysts for energy conversion and storage. Impressive experimental and theoretical results have been achieved through the molecular and/or nanoarchitecture engineering of carbon nanomaterials using various innovative strategies, including surface functionalization ([@R23]--[@R25]), geometric structuring ([@R26]--[@R30]), and heteroatom doping ([@R17], [@R31]--[@R34]). Among them, nitrogen-doped carbon nanomaterials were demonstrated as efficient ORR ([@R35]--[@R39]) and OER ([@R40], [@R41]) electrocatalysts, respectively. More recently, metal-free N-, P-codoped carbon-based nanomaterials have been studied as bifunctional catalysts for both ORR and OER ([@R42]), as were N mono-doped carbon nanomaterials with unique structures ([@R43], [@R44]) and unknown bifunctional catalytic mechanisms. Therefore, to achieve cost-effective, high-performance, metal-free ORR and OER bifunctional electrocatalysts, it is highly desirable to gain a mechanistic understanding of metal-free electrocatalysis (particularly, OER) to guide the development of new catalytic materials with sufficient active sites.

Here, we have developed a novel strategy to synthesize N-doped graphene nanoribbons with interconnected three-dimensional (3D) architecture (that is, N-GRW). The as-prepared N-GRW exhibited superior overall electrocatalytic activities for both ORR and OER with an excellent stability in alkaline media, comparable to the state-of-the-art noble metal electrocatalysts (for example, Pt/C and Ir/C). For the first time, it was experimentally found that the electron-withdrawing pyridinic N moieties in the N-GRW served as active sites for OER, whereas the electron-donating quaternary N sites were responsible for ORR. The unique 3D nanoarchitecture ensured a high density of active sites as well as excellent mass and charge transport for both ORR and OER. As a result, the as-prepared N-GRW was demonstrated to be a promising low-cost, highly efficient air cathode in rechargeable metal-air batteries. Therefore, our study on the newly developed N-GRW has provided new concepts/principles for designing bifunctional catalysts by catalytic active site and nanoarchitecture engineering, which could open up new avenues for the development of sustainable energy conversion and storage technologies based on earth-abundant, scalable, and metal-free electrocatalysts.

RESULTS
=======

Synthesis and structure characterization of N-doped graphene catalysts
----------------------------------------------------------------------

In a typical experiment, we synthesized the N-GRW by first grinding a mixture of melamine and [l]{.smallcaps}-cysteine with a mass ratio of 4:1 into a homogeneous precursor ([Fig. 1A](#F1){ref-type="fig"}), followed by a two-step carbonization under argon atmosphere (fig. S2). The results from our systematic investigations on the effects of the carbonization temperature and the melamine--to--[l]{.smallcaps}-cysteine ratio on the structural evolution (figs. S3 to S5) are consistent with the following scenario for the N-GRW formation. Initially, melamine was polymerized to form carbon nitride, whereas the thiol groups on [l]{.smallcaps}-cysteine covalently bonded with the newly formed carbon nitride plane via the formation of --C--S--C-- bonds, probably through a radical mechanism, because the thiol groups on [l]{.smallcaps}-cysteine are highly reactive and susceptible to hydrogen extraction by free radicals. X-ray photoelectron spectroscopic (XPS) measurements, shown in fig. S6, provide evidences for the formation of C~3~N~4~ and sulfur-doped C~3~N~4~, whereas [Fig. 1A](#F1){ref-type="fig"} indicates steric hindrances for the formation of the lateral C--N=C bonds to impede the extension of the 2D carbon nitride plane due to the insertion of [l]{.smallcaps}-cysteine moieties. Thus, [l]{.smallcaps}-cysteine acted not only as a carbon source but also as a "template" to generate pores within the resultant carbon nitride. The formation of porous sulfur-doped carbon nitride was confirmed by the porous morphology (fig. S7) and larger surface area (fig. S8) observed for the sulfur-doped carbon nitride, with respect to the C~3~N~4~ sample prepared by polymerization of melamine with and without [l]{.smallcaps}-cysteine, respectively. As indicated by thermogravimetric analyses (TGAs) (fig. S9), subsequent thermal treatment of the sulfur-doped carbon nitride sample caused a marked mass loss over 600° to 800°C, arising from pyrolysis of the sulfur-doped carbon nitride, which was accompanied by a significant reduction in the nitrogen content from 48 to 20 atomic % (fig. S10) and an increase in the specific surface area (from 78 to 480 m^2^ g^**−**1^; fig. S11). The thermal treatment could lead to the formation of 3D interconnected carbon networks (that is, N-GRW) through chemical bonding (for example, --C--S--C--) between pyrolyzed [l]{.smallcaps}-cysteine molecules on the same or different C~3~N~4~ planes, along with the concomitant losses of nitrogen/sulfur from the decomposed [l]{.smallcaps}-cysteine moieties. Because of the strong --C--S--C-- bonding, no oxidation occurred during the carbonization below 800°C (fig. S12). The resultant N-GRW had a uniformly distributed 3D interconnected porous structure ([Fig. 1](#F1){ref-type="fig"}, B and C, and fig. S4) with a nitrogen content as high as 20 atomic % (carbonized at 800°C) and 6 atomic % (carbonized at 1000°C). A higher carbonization temperature resulted in an improved graphitization degree and a reduced dopant content. The thiol group in [l]{.smallcaps}-cysteine was found to play critical and irreplaceable roles in controlling the structure of the N-GRW. By replacing [l]{.smallcaps}-cysteine with amino acids bearing other functional groups \[for example, methyl ([l]{.smallcaps}-alanine) and hydroxyl ([l]{.smallcaps}-serine) groups\] during the material synthesis, we could not produce N-GRW, but could only form N-doped graphene sheets with or without the porous structure (N-HGS or N-GS) (fig. S13), indicating once again the important role of the --C--S--C-- bonding to the porous network formation.

![Synthesis of N-GRW.\
(**A**) Synthesis steps: (1) polymerization at 600°C for 2 hours, and (2) pyrolysis and carbonization at 800° to 1000°C. (**B**) Digital photograph of the as-synthesized N-GRW. (**C**) Scanning electron microscopy (SEM) image of the as-synthesized N-GRW.](1501122-F1){#F1}

[Figure 2A](#F2){ref-type="fig"} reproduces a typical SEM image of the as-synthesized N-GRW, which shows the 3D interconnected network nanoarchitecture. Transmission electron microscopy (TEM) and atomic force microscopy (AFM) analyses ([Fig. 2](#F2){ref-type="fig"}, B to D) further affirm the uniform 3D structure of nanoribbon networks. Crumpled and entangled wrinkle-like structures can be seen in [Fig. 2B](#F2){ref-type="fig"}, a common feature typically observed in porous N-doped graphene ([@R31]). The width of the nanoribbons is less than 20 nm (typically 10 nm), whereas the thickness measured by AFM ([Fig. 2D](#F2){ref-type="fig"}) is less than 2.5 nm, corresponding to about eight or less layers of graphene sheets.

![Structure and composition of N-GRW.\
(**A**) High-resolution SEM image of the N-GRW. (**B** and **C**) Low-magnification (B) and high-magnification (C) TEM images of the N-GRW. (**D**) AFM image and height profile of the N-GRW on mica substrate (scale bar, 200 nm). (**E**) Barrett-Joyner-Halenda pore size distribution and pore volume of the N-GRW calculated from N~2~ desorption isotherm. (**F**) XPS spectrum of the N-GRW. Inset shows a high-resolution N1s spectrum with peaks deconvoluted into pyridinic (397.8 eV), pyrrolic (398.9 eV), quaternary (400.8 eV), and oxidized (402.0 eV) N species. a.u., arbitrary units.](1501122-F2){#F2}

The measured specific surface area of the N-GRW is \~530 m^2^ g^**−**1^, significantly larger than that of the N-HGS (480 m^2^ g^**−**1^) and the N-GS (460 m^2^ g^**−**1^) (fig. S14 and table S1). Most of the pores in the N-GRW fall in the category of mesopores ([Fig. 2E](#F2){ref-type="fig"}). The ultrahigh total pore volume of about 2.9 cm^3^ g^**−**1^ for the N-GRW signifies the high porosity. The 3D porous N-GRW has abundant edges, thin walls, and conductive networks, which can facilitate fast transportation of mass and charge to facilitate electrochemical reactions.

[Figure 2F](#F2){ref-type="fig"} displays the XPS survey spectrum for the N-GRW, whereas fig. S15 shows the high-resolution XPS C1s, N1s, and O1s spectra for the N-GRW, N-HGS, and N-GS. The corresponding numerical results are summarized in tables S1 and S2. It is clear from these XPS results that the N-GRW contains 5.9% N and 0.10% S. The content of S is much lower than that reported (around 2%) for other N-, S-codoped graphene materials ([@R35], [@R36], [@R45], [@R46]), possibly due to the different synthetic methods used and the relatively high carbonization temperature (1000°C) applied during our synthesis; this suggests that sulfur may just act as the bridge for the construction of the 3D nanoribbon networks, but without introducing any significant doping effect into the N-GRW (vide infra). The contents of N dopant in the N-HGS and N-GS are 5.4 and 6.1 atomic %, respectively, similar to that of the N-GRW. All samples show high contents of pyridinic N and quaternary N (1.45 and 2.8 atomic % for the N-GRW, 0.95 and 2.8 atomic % for the N-HGS, and 1.34 and 3.0 atomic % for the N-GS), which have been known to be active for ORR and other catalytic reactions ([@R31], [@R47]).

We further used x-ray diffraction (XRD) and Raman spectroscopy to investigate the crystalline structure and graphitization degree of the N-GRW, N-HGS, and N-GS samples. As shown in fig. S16, all samples exhibit similar broad diffraction patterns characteristic of the carbon (002) over 25.8°, suggesting a low degree of crystallization. According to Scherrer's formula ([@R48]), the mean crystal size along the *c*-direction was calculated to be \~1.8 nm. The relatively weak peak intensity for the N-GRW, with respect to the other two samples, indicates a defect-rich feature. On the other hand, Raman spectra for all of the N-doped graphene samples show two clear vibrational bands (the G band and D band). The *I*~D~/*I*~G~ ratios were calculated to be 3.34, 2.34, and 2.10 for the N-GRW, N-HGS, and N-GS, respectively. A higher *I*~D~/*I*~G~ ratio is usually associated with a more disordered carbon structure ([@R46]--[@R48]). *I*~D~/*I*~G~ is inversely proportional to the in-plane coherence length (*L*~a~), which is the mean average crystallite size of the sp^2^ domains in the nano-graphite system and can be calculated from *L*~a~ = *C*(λ)(*I*~D~/*I*~G~)^**−**1^, with *C*(λ) = 43.5 Å for 514 nm ([@R49], [@R50]). The calculated *L*~a~ values are 1.3, 1.8, and 2.1 nm for the N-GRW, N-HGS, and N-GS, respectively, indicating that the average size of crystalline domains in the N-GRW is apparently smaller than that in the N-HGS and N-GS, which is consistent with the results obtained from the SEM and TEM images (figs. S3, S4, and S13). The smaller domain size observed for the N-GRW suggests that the N-GRW sample has more edge sites, as also confirmed by its lower sp^2^/sp^3^ ratio deduced from the high-resolution C1s spectra (0.36, 0.58, and 0.68 for the N-GRW, N-HGS, and N-GS, respectively; fig. S15). The graphene edge sites have recently been shown to have a much faster electron transfer rate and higher electrocatalytic activity than the graphene basal plane ([@R51], [@R52]). This, coupled with the fast mass, as well as ionic and electronic transport, makes the N-GRW an ideal electrode for energy conversion and storage, as we should see later.

ORR and OER catalytic activity of N-doped graphene catalysts
------------------------------------------------------------

To evaluate the electrocatalytic activities of the N-GRW, N-HGS, and N-GS toward ORR, we performed rotating ring-disc electrode (RRDE) measurements in alkaline electrolytes (figs. S17 and S18). [Figure 3A](#F3){ref-type="fig"} reproduces the ORR polarization curves measured from the N-GRW, which shows an onset potential and a half-wave potential (*E*~1/2~) of 0.92 and 0.84 V versus RHE (reversible hydrogen electrode), respectively. These values are very close to those of Pt/C (0.94 and 0.85 V), but much more positive than those of the N-HGS (0.90 and 0.81 V versus RHE) and N-GS (0.87 and 0.80 V versus RHE). The trend for the onset potential deduced from the RRDE measurements consists well with the CV scans (fig. S19). The ring current profiles associated with the reduction of peroxide species (HO~2~^**−**^) formed during the ORR process are shown in the upper half of [Fig. 3A](#F3){ref-type="fig"}, from which the H~2~O~2~ yield on the N-GRW was calculated to be below 5%, a value that is comparable to that of the Pt/C catalyst but smaller than that of the N-HGS and N-GS catalysts. The electron transfer number per O~2~ molecule was estimated to be \~3.95 for the N-GRW, which is obviously higher than that for the N-HGS and N-GS (fig. S20). The excellent ORR activity of the N-GRW catalyst was further confirmed by the smaller Tafel slope of 53 mV decade^**−**1^ at low overpotentials, as compared with that of Pt/C (60 mV decade^**−**1^) and N-GS (69 mV decade^**−**1^) in 1 M KOH (fig. S21). Furthermore, the N-GRW electrode also demonstrated a good methanol tolerance, much better resistance to CO poisoning (inset of [Fig. 3B](#F3){ref-type="fig"} and figs. S22 and S23), and superior operational durability to Pt/C catalyst with only a 10% decay in ORR activity over a 12-hour continuous operation at a potential of 0.7 V versus RHE. [Figure 3C](#F3){ref-type="fig"} and fig. S24 show the linear sweep voltammetry (LSV) and cyclic voltammetry (CV) scans, respectively, before and after accelerated degradation test (ADT). It was found that Pt/C experienced a marked loss (35%) in electrochemical active surface area (ECSA) after 2000 consecutive cycles (fig. S24). In contrast, almost no loss in ECSA was observed for the N-GRW under the same conditions, leading to a smaller half-wave potential negative shift (15 mV for the N-GRW versus 35 mV for Pt/C) and smaller limited current variation (fig. S24). These results indicate that the N-GRW is an efficient metal-free ORR catalyst with an electrocatalytic activity comparable to that of Pt/C, but with a superior methanol and CO tolerance, and operational stability. These results, together with the metal-free preparation procedure ([Fig. 1](#F1){ref-type="fig"}), indicate that the observed electrocatalytic activity can be attributed exclusively to the incorporation of nitrogen in the 3D N-GRW (vide infra).

![Electrochemical performances of N-doped graphene catalysts for ORR and OER.\
(**A**) LSV curves of N-doped graphene catalysts on RRDE in O~2~-saturated 1 M KOH at a rotation speed of 1600 rpm and a scan rate of 5 mV s^**−**1^, with a constant potential of 1.5 V versus RHE applied on the ring. Disc current is displayed on the lower half of the graph, whereas the ring current (dotted line) is shown on the upper half. (**B**) Chronoamperometric (current-time) responses of Pt/C and the N-GRW for ORR at 0.7 V versus RHE, in 1 M KOH, at a rotation speed of 900 rpm. Inset shows the crossover effect of the N-GRW and Pt/C electrodes at 0.7 V versus RHE, followed by introduction of methanol (3 M) in O~2~-saturated 1 M KOH. (**C**) LSV curves of the N-GRW before and after ADT, performed in 1 M KOH at a scan rate of 50 mV s^**−**1^ for the N-GRW and Pt/C. (**D**) LSV curves for OER on RDE for the N-GRW, N-HGS, and N-GS in O~2~-saturated 1 M KOH at a rotation speed of 1600 rpm and a scan rate of 5 mV s^**−**1^. (**E**) Chronoamperometric (current-time) responses for OER at fixed overpotential of 320 mV (for Ir/C) and 360 mV (for the N-GRW). Inset shows chronopotentiometric (potential-time) response at a fixed current loading of 10 mA cm^**−**2^. (**F**) LSV curves for OER before and after stability test for Ir/C and the N-GRW.](1501122-F3){#F3}

In addition to the superb ORR performance discussed above, we also tested OER activities for the N-GRW, N-HGS, and N-GS using RDE measurements in 1 M ([Fig. 3D](#F3){ref-type="fig"}) and 0.1 M KOH (fig. S25). As can be seen, the overpotential required to drive a 10 mA cm^**−**2^ current density (ŋ~10~) for the N-GRW is 360 mV, which is significantly lower than that for the N-HGS and N-GS (400 and 390 mV, respectively). Upon the application of potentials over the onset potential, the evolution of bubbles on the N-GRW electrode was evident. RRDE measurements (fig. S26) confirmed the production of oxygen bubbles with negligible HO~2~^**−**^ formation, indicating a 4e pathway for OER on the N-GRW electrode in alkaline medium. The N-GRW exhibited the smallest Tafel slope of 47 mV decade^**−**1^ within the OER region (fig. S27) in 1 M KOH among all the electrodes tested: N-HGS (52 mV decade^**−**1^), N-GS (53 mV decade^**−**1^), and Ir/C (54 mV decade^**−**1^). Therefore, our N-GRW catalyst is one of the best OER electrodes reported to date (table S3). CV curves of the N-GRW at different scan rates were recorded (fig. S28), showing that the contribution from double-layer capacitance of the electrode toward the measured current is negligible. Video S1 shows the gas evolution on the N-GRW--loaded carbon cloth electrode in a potential range from 1.5 to 1.8 V versus RHE, which also shows the firm attachment of catalysts on the carbon cloth electrode. Faradaic efficiency measurements carried out at 5 and 25 mA cm^**−**2^ revealed a nearly 100% Faradaic efficiency (fig. S29). Electrochemical stability of the N-GRW electrode was also tested, with the Ir/C as reference, under a fixed overpotential and current loading conditions over 24-hour continued electrolysis ([Fig. 3E](#F3){ref-type="fig"} and inset). The N-GRW catalyst showed superior durability to Ir/C catalyst with \<10% decay in the OER activity over 24 hours of continuous operation, which is consistent with the LSV results before and after the stability testing, as shown in [Fig. 3F](#F3){ref-type="fig"}.

Identification of ORR and OER catalytic sites in N-doped graphene catalysts
---------------------------------------------------------------------------

To investigate mechanisms for the metal-free electrolysis of ORR and OER, we performed Mott-Schottky experiments to identify the doping states of the N-doped graphene catalysts. Depending on the N dopant configurations, N-doped graphene has been shown both theoretically and experimentally ([@R53]--[@R56]) to be either p-type or n-type. More specifically, n-type doping was found for quaternary/pyrrolic N and p-type doping for pyridinic N. Because the quaternary and pyridinic N are the dominating N components in our N-doped graphene catalysts (inset of [Fig. 2D](#F2){ref-type="fig"} and fig. S15), both n-type and p-type domains should coexist in our samples. Mott-Schottky experiments were carried out in Ar-saturated 0.1 M KOH to identify doping states in the N-doped graphene catalysts. The results in the form of C~scL~^**−**2^ versus E given in fig. S30 show both positive and negative slopes for the N-GRW, N-HGS, and N-HGS in two different potential regions, confirming the presence of both n-type and p-type domains in our N-doped graphene samples with bipolar characteristics. The slopes of Mott-Schottky plots for the N-GRW, N-HGS, and N-HGS in the n-type region (fig. S30A) are 4.2 × 10^7^, 5.1 × 10^7^, and 8.1 × 10^7^ C^**−**2^·V, respectively. This, together with the similar trend observed in the p-type region (fig. S30B), indicates that the N-GRW electrode has the highest charge carrier density (for both n-type and p-type carriers).

Recent DFT calculations have demonstrated that incorporated N itself could not act as active site for electrochemical reactions, but the adjacent C atoms have reduced energy barriers for ORR or OER due to the N-doping--induced charge redistribution in the π-conjugated system ([@R57]). Both experimental and theoretical studies ([@R57]--[@R59]) have indicated that quaternary N at the edge of graphene could act as the most active catalytic site for ORR by reducing the OOH intermediate adsorption energy. [Figure 4A](#F4){ref-type="fig"} shows the similar ultraviolet photoelectron spectroscopy (UPS) spectra in valence band emission region for all samples tested. In the high-resolution valence band region, the N-doping--induced features for the N-GRW (for example, N lone pair and π~C--N~) could be seen (fig. S31). The work function (Φ) obtained from the UPS measurements is 4.42, 4.64, and 4.70 eV for the N-GRW, N-HGS, and N-GS, respectively. Thus, the N-GRW sample has a Fermi level (*E*~f~) that is 0.22 eV higher than that of the N-HGS and 0.28 eV higher than that of the N-GS. Previous studies ([@R60], [@R61]) have shown that a catalyst with a smaller Φ could offer a lower a energetic barrier (higher driving energy) for donating electrons from the surface of the catalyst to the adsorbed molecular oxygen, thereby facilitating the formation of the OOH species that is known to be the rate-determining step in the ORR process. Compared to the N-HGS and N-GS, the N-GRW sample has similar contents of the quaternary and pyrrolic N components for n-type doping, but much more edge sites associated with the constituent graphene nanoribbons in the 3D interconnected network. Therefore, having potentially more quaternary N edge sites and a relatively low energetic barrier for donating electrons from the surface of the catalyst to the adsorbed molecular oxygen, the N-GRW should be highly favorable for ORR with respect to the N-HGS and N-GS, as demonstrated by our experimental data (vide infra).

![Electronic characteristics and ORR/OER active sites of N-doped graphene catalysts.\
(**A**) UPS spectra collected using an He I (21.2 eV) radiation. Inset shows the enlarged view of the secondary electron tail threshold. (**B** and **C**) Carbon and nitrogen K-edge XANES spectra of N-GRW catalyst, acquired under ultrahigh vacuum, pristine (black line), after ORR (yellow line) and after OER (blue line). In carbon K-edge XANES spectra, A: defects, B: π\*~C=C~, C: π\*~C--OH~, D: π\*~C--O--C~, ~C--N~, E: π\*~C=O~, ~COOH~, F: σ\*~C--C~. (**D**) Schematic diagram of ORR and OER occurring at different active sites on the n- and p-type domains of the N-GRW catalyst.](1501122-F4){#F4}

The correlation between the N-dopant state and OER activity is still largely lacking, though OER activities of N-doped carbon nanomaterials have been recently reported ([@R41], [@R43]). To elucidate the structure-performance relationship for facilitating the development of high-performance carbon-based OER catalysts, we performed x-ray absorption near-edge structure (XANES) spectroscopic measurements on carbon and nitrogen to identify the active sites for OER and ORR on the N-GRW electrode. [Figure 4](#F4){ref-type="fig"} (B and C) shows the evolution of carbon and nitrogen K-edge XANES spectra of the N-GRW catalyst before/after oxygen reduction and evolution reactions. On the basis of previous reports ([@R62]--[@R66]), the peaks of carbon and nitrogen in the K-edge XANES spectra were assigned, as indicated in [Fig. 4](#F4){ref-type="fig"} (B and C). The increase in peak intensity related to π\*~C--O--C,\ C--N~ at 287.7 eV in [Fig. 4B](#F4){ref-type="fig"} suggests adsorption of intermediate species (O\*) on carbon atoms in both ORR and OER processes, which is consistent with the appearance of a new peak at 289.6 eV (adsorption of OOH\* intermediates) after ORR and OER. The nitrogen K-edge XANES spectrum of the N-GRW after ORR, given in [Fig. 4C](#F4){ref-type="fig"}, shows a new peak at the lower energy side of graphitic N (that is, quaternary N) (\~401 eV), which can be ascribed to the distortion of heterocycles caused by the adsorbed O\* and OOH\* intermediates on carbon atoms near the graphitic N. In contrast, the peak at 398.0 eV related to pyridinic N was kept unchanged, with respect to the pristine N-GRW ([Fig. 4C](#F4){ref-type="fig"}). These results indicate that the quaternary N with n-type doping, rather than the p-type doping by pyridinic N, is responsible for the ORR on the N-GRW electrode. However, after OER, the full width at half maximum of the pyridinic N peak at \~398.0 eV increased from 0.8 to 1.15 eV, together with the formation of a new peak at the higher energy side ([Fig. 4C](#F4){ref-type="fig"}). In the meantime, other peaks, including the graphitic and pyrrolic N peaks, were kept nearly the same as those for the pristine N-GRW, indicating adsorption of OOH\* and O\* intermediates on carbon atoms next to the pyridinic N during OER, and hence, the pyridinic N with p-type doping is responsible for OER. As far as we are aware, this is the first experimental evidence for different N species in the N mono-doped carbon nanomaterials for metal-free catalysis of different reactions, which could lead to various bifunctional catalysts from other heteroatom mono-doped carbon nanomaterials.

The observed influences of the graphitic N and pyridinic N on ORR and OER can also be understood from the doping-induced charge redistribution. As discussed above, the quaternary N atoms in graphene could provide electrons to the π-conjugated system (n-type doping), leading to an increased nucleophile strength for the adjacent carbon rings \[C(δ−)\] to enhance the O~2~ adsorption {because O~2~ has high densities of O lone pair electrons \[O(δ+)\]}, and hence accelerating the ORR ([@R67], [@R68]). A similar scenario is applicable to the pyrrolic N atoms. As a result, carbon atoms near the quaternary N and/or pyrrolic N are not energetically favorable for adsorption of water oxidation intermediates (OH^**−**^ and OOH^**−**^) in alkaline solution, and are thereby unfavorable for OER. However, pyridinic N (an electron-withdrawing group with the lone pair electrons involved in the resonance to delocalize electrons to make the N atoms electron-deficient) can accept electrons (p-type doping) from adjacent C atoms (δ+), facilitating the adsorption of water oxidation intermediates (OH^**−**^, OOH^**−**^)---the rate-determining step for OER in alkaline solution ([@R69], [@R70]). Besides, the p-type domains of graphene can accept electrons from the adsorbed OH^**−**^ to the catalyst surface to further accelerate the intermediate step of OH^**−**^ → OH~ads~ + e^−^. A similar effect on OER has been revealed for the electron-withdrawing ketonic C=O group ([@R40]). Because the N-GRW sample contains higher amounts of the pyridinic N and ketonic (C=O) group (1.45 and 0.55 atomic %) than those of the N-HGS (0.95 and 0.28 atomic %) and N-GS (1.34 and 0.52 atomic %), the N-GRW exhibited a higher OER activity than that of the N-HGS and N-GS. Therefore, the N-GRW can act as an efficient bifunctional electrocatalyst for both ORR and OER, though detailed effects of the doping-induced charge transfer on the catalytic mechanisms may be somewhat different under an applied potential in an electrochemical cell. On the basis of the above spectroscopic and electrochemical analyses, a schematic diagram was drawn in [Fig. 4D](#F4){ref-type="fig"} as a working model for electrolysis of ORR and OER by the N-GRW. The turnover frequency (TOF) for the ORR and OER was calculated for the four-electron pathway, and the corresponding TOFs of N-GRW catalyst were 0.08 and 0.33 s^**−**1^ for ORR and OER, respectively. As shown in [Fig. 4D](#F4){ref-type="fig"}, the separated active sites for ORR and OER at the n- and p-type domains of the N-GRW can prevent catalyst active sites from possible cross-deactivation during the ORR and OER processes and allow for an independent optimization of the catalytic performance on each of the two different type domains.

From the above discussions, we could conclude that the ORR activity decreased in the order of N-GRW \> N-HGS \> N-GS, whereas the OER activity decreased in the order of N-GRW \> N-GS \> N-HGS ([Fig. 3](#F3){ref-type="fig"}, A and D, and fig. S32), matching with the amounts of active sites (quaternary N, pyrrolic N for ORR and pyridinic N, C=O for OER) in respective samples (table S2). To evaluate the overall ORR-OER bifunctional activities, we compared the overvoltage between OER and ORR (Δ*E* = *E*~10~ − *E*~1/2~), where *E*~10~ is the OER potential at a current density of 10 mA cm^**−**2^ and *E*~1/2~ is the ORR half-wave potential for the catalysts investigated in this study. Smaller Δ*E* corresponds to less efficiency loss and better catalyst performance as a reversible oxygen electrode. From [Fig. 3](#F3){ref-type="fig"} and figs. S18 and S25, we deduced a Δ*E* of 0.82 V in 0.1 M KOH and 0.75 V in 1 M KOH for the as-synthesized N-GRW, which is much lower than that of the N-HGS (0.92 and 0.82 V) and N-GS (0.92 and 0.82 V), reassuring the excellent bifunctional electrocatalytic activity for the N-GRW. As summarized in table S3, the bifunctional catalytic activity of the N-GRW is the best among recently reported high-performance bifunctional ORR/OER catalysts ([@R6], [@R7], [@R38]--[@R44], [@R71], [@R72]), including highly active metal-free carbon catalysts \[for example, P-doped C~3~N~4~, Δ*E* = 0.92 V ([@R7]), N-MWCNT (multiwalled CNT), Δ*E* = 1.05 V ([@R43]), N-graphene/CNT, Δ*E* = 0.93 V ([@R44])\] and even transition-metal oxide bifunctional catalysts \[for example, LiCoO~2~, Δ*E* = 0.97 V ([@R71]) and Mn~*x*~O~*y*~(Co~*x*~O~*y*~)/N-doped carbon, Δ*E* = 0.87 V ([@R72])\]. Thus, the newly developed N-GRW electrode is of practical importance.

Rechargeable zinc-air batteries in two-electrode configuration
--------------------------------------------------------------

To demonstrate potential applications for the N-GRW sample in practical energy devices, we constructed a rechargeable zinc-air battery in two-electrode configuration using a hybrid electrode based on the N-GRW--loaded carbon cloth/gas diffusion layer as the air cathode ([Fig. 5A](#F5){ref-type="fig"} and figs. S33 and S34). Before the test of the battery performance, we evaluated the ORR and OER activities for the N-GRW air cathode in O~2~-saturated 6 M KOH (fig. S35), along with the Pt/C, Ir/C, and carbon cloth as references. As can be seen in fig. S35B, the overall ORR-OER activity of the N-GRW air electrode is much better than that of the noble metal catalysts \[for example, Pt/C (20%) and Ir/C (20%)\]. Figure S35C shows that the N-GRW--loaded carbon cloth hybrid air cathode is very stable throughout the 20-hour continuous ORR/OER cycles at 5 mA cm^**−**2^. [Figure 5B](#F5){ref-type="fig"} reproduces polarization curves for the rechargeable zinc-air batteries in two-electrode configuration, which shows that the N-GRW electrode can supply a 20 mA cm^**−**2^ discharge and charge current density at 1.09 and 2.18 V, outperformed the Pt/C (1.15 and 2.53) and Ir/C (0.95 and 2.05 V) air electrodes, and is comparable to the mixed Pt/C + Ir/C (1.06 and 2.07 V) (fig. S36) air electrode. The open-circuit voltage of the two-electrode zinc-air battery with the N-GRW air electrode is 1.46 V, which is the same as that for its counterpart with the Pt/C air electrode, but higher than that of the Ir/C (1.35 V) air electrode (fig. S37). The peak power density of the zinc-air battery assembled from the N-GRW air electrode is 65 mW cm^**−**2^, with a specific capacity as high as 873 mAh g^**−**1^ after being normalized to the mass of Zn ([Fig. 5B](#F5){ref-type="fig"}). The drop of voltage in discharging as shown in [Fig. 5C](#F5){ref-type="fig"} is due to reduction in electrolyte conductivity by forming carbonate between the electrolyte (KOH) and CO~2~ in the atmosphere ([@R73]). Replacing air with pure oxygen can keep the cell voltage unchanged during discharging. The rechargeability of the secondary zinc-air battery using the N-GRW air electrode was tested by galvanostatic charging and discharging at 2 mA cm^**−**2^ ([Fig. 5D](#F5){ref-type="fig"}), showing a good cycling stability. However, as can be seen in [Fig. 5](#F5){ref-type="fig"}, CO~2~ in the atmosphere can affect the long-term stability during battery operation, and the influence of CO~2~ is more severe on charging (OER) than discharging (ORR). Nevertheless, simple replenishment of the electrolyte and removal of CO~2~ in air could regenerate and maintain the stable battery performance (fig. S38). Throughout more than 150 cycles of charging and discharging, the charge-discharge voltage gap of the two-electrode zinc-air battery with the N-GRW air electrode increased by only about 200 mV ([Fig. 5D](#F5){ref-type="fig"}), verifying the excellent stability of the bifunctional N-GRW catalyst. Furthermore, the zinc-air battery assembled from the N-GRW air electrode could be rapidly charged and discharged at current densities as high as 20 mA cm^**−**2^ with an outstanding stability, outperforming those devices assembled from the Pt/C, Ir/C, and mixed Pt/C + Ir/C air electrodes ([Fig. 5E](#F5){ref-type="fig"} and fig. S39). After charging, the cell was disassembled and metallic zinc was observed deposited on the metal electrode, confirming the rechargeable feature of the zinc-air battery assembled from N-GRW air electrode (fig. S40). As an example for practical applications, a single zinc-air battery assembled from the N-GRW air electrode was used to power an electrolysis cell to split water into hydrogen and oxygen, as shown in [Fig. 5F](#F5){ref-type="fig"} and video S2. Upon connecting the electrolysis cell to the zinc-air battery, the evolution of H~2~ and O~2~ was observed on the Pt/carbon cloth cathode and NiFe layer double hydroxide anode, respectively (videos S2 and S3).

![Application of N-GRW bifunctional catalyst in rechargeable zinc-air batteries.\
(**A**) Schematic of a zinc-air battery at charging and discharging conditions. (**B**) Galvanodynamic charge/discharge profiles and power density curves of zinc-air batteries assembled from the N-GRW, Pt/C, Ir/C, and mixed Pt/C + Ir/C (1:1 by weight) air electrode (fig. S36), respectively. (**C**) Discharge curves of zinc-air batteries assembled from the N-GRW and Pt/C catalysts at 5 and 20 mA cm^**−**2^ discharging rate. (**D**) Charging**/**discharging cycling at a current density of 2 mA cm^**−**2^. Insets show the initial and after long time cycling testing charging/discharging curves of a zinc-air battery assembled from N-GRW as air catalyst. (**E**) Charging/discharging cycling curves of zinc-air batteries assembled from the N-GRW (yellow line) and mixed Pt/C + Ir/C air electrode (blue line) at a current density of 20 mA cm^**−**2^ (catalyst loading amount: 0.5 mg cm^**−**2^ for mixed Pt/C + Ir/C). (**F**) Photograph of an electrolysis cell powered by a zinc-air battery. Inset shows the bubble formation on both cathode and anode electrodes. All zinc-air batteries were tested in air at room temperature (catalyst loading amount: 0.5 mg cm^**−**2^ for all zinc-air batteries).](1501122-F5){#F5}

DISCUSSION
==========

We have developed a low-cost and scalable method to prepare novel 3D interconnected N-doped graphene nanoribbon network (N-GRW) architectures. The resultant N-GRW has a high density of electron-donating quaternary N favorable for ORR and high contents of electron-withdrawing functional groups (pyridinic N, C=O) attractive for OER. Moreover, the high content of nitrogen doping could modify the charge distribution in the carbon ring, leading to increased C1s binding energy and inhibition of carbon corrosion during the OER. This, together with the 3D interconnected network architecture of a high specific surface area, large pore volume, and suitable pore size distribution, provides a synergistic effect to create superb catalytic activities and stability for both ORR and OER, outperforming the reported metal-free carbon catalysts and even transition-metal oxide bifunctional catalysts. Two-electrode zinc-air batteries, based on the bifunctional N-GRW air electrode with region-specific active sides for ORR and OER, could be stably charged and discharged over 150 cycles at 2 mA cm^**−**2^. During discharging, the batteries exhibited an open-circuit voltage of 1.46 V, a specific capacity of 873 mAh g^**−**1^, and a peak power density of 65 mW cm^**−**2^. Furthermore, the rechargeable zinc-air batteries could be rapidly charged and discharged at charging and discharging current densities as high as 20 mA cm^**−**2^ over 30 hours with an excellent cycling stability. Our work demonstrated the multiple independent electrocatalysis of different reactions by introducing multiple dopant states through single heteroatom doping carbon nanostructures, and for the first time, we detected different metal-free catalytic sites associated with different N species in the N mono-doped carbon nanomaterials. This, together with the unprecedented ORR-OER bifunctional electrocatalytic activity and battery performance observed for our newly developed N-GRW metal-free catalysts, should have important implications for the development of low-cost, scalable synthetic methodology for producing various new carbon-based metal-free catalysts for a large variety of electrochemical and catalytic applications.

MATERIALS AND METHODS
=====================

Materials
---------

All chemicals---melamine (99%), [l]{.smallcaps}-cysteine (98%), [l]{.smallcaps}-serine (99%), [l]{.smallcaps}-alanine (99%), potassium hydroxide (99%), zinc chloride (≥98%), and zinc foil (thickness: 0.20 mm, purity: 99.9%)---were purchased from Sigma-Aldrich and used without further purification. Commercial noble metal catalysts Ir/C (20% Ir on Vulcan XC-72) and Pt/C (20% Pt on Vulcan XC-72) were purchased from Premetek.

Materials synthesis
-------------------

In a typical synthesis of nitrogen-doped graphene nanoribbons (N-GRW) with interconnected 3D network architecture, a mixture of melamine and [l]{.smallcaps}-cysteine with a mass ratio of 4:1 was first ground into a homogeneous precursor in a ZrO~2~ mortar. Subsequently, the fine powder mixture underwent a pyrolysis and carbonization process in a tubular furnace (Carbolite) under argon atmosphere. Detailed temperature and time profiles for the pyrolysis and carbonization processes are shown in fig. S2. For the synthesis of holey nitrogen-doped graphene sheets (N-HGS) and nitrogen-doped graphene sheets (N-GS), the [l]{.smallcaps}-cysteine precursor was replaced by [l]{.smallcaps}-alanine and [l]{.smallcaps}-serine while keeping the same molar ratio to melamine as in the synthesis of the N-GRW.

Electrochemical measurements
----------------------------

To prepare catalyst ink for the ORR and OER testing, 5 mg of catalyst and 25 μl of 5% Nafion 117 solution (DuPont) were introduced into 975 μl of 1:1 water/isopropanol solution sonicated for 3 hours. All potentials were calibrated with respect to RHE scale according to the Nernst equation (*E*~RHE~ = *E*~Ag/AgCl~ + 0.059 × pH + 0.197 V). Mott-Schottky analysis was carried out at a dc potential range of 0 to 1.2 V versus RHE (scan from 1.2 to 0 V, anodic scan) and 1.0 to 2.0 V versus RHE (scan from 1.0 to 2.0 V, cathodic scan). For the ORR test, an aliquot of 24 μl of the catalyst ink was applied onto a glassy carbon RDE or RRDE, giving a catalyst loading of 0.6 mg cm^**−**2^. For the OER test, a catalyst loading of 0.3 mg cm^**−**2^ was applied onto the test electrode. RRDE measurements were conducted at 25°C in an oxygen-saturated KOH solution at a scan rate of 5 mV s^**−**1^ and a rotation speed of 1600 rpm. Commercial 20 wt % Pt and 20 wt % Ir on Vulcan carbon black (Pt/C and Ir/C from Premetek) were measured for comparison.

X-ray absorption near-edge structure
------------------------------------

The K-edge x-ray absorption spectra of C and N were measured in total electron yield mode at room temperature using BL-20A at the National Synchrotron Radiation Research Center (Hsinchu, Taiwan). Before XANES measurements, the samples were reacted in an O~2~-saturated 1 M KOH for 1 hour at 0.55 and 1.65 V versus RHE for ORR and OER, respectively. After ORR and OER, samples were soaked dry in vacuum and then subjected to an ultrahigh vacuum chamber (1 × 10^−9^ torr) for the total electron yield x-ray absorption spectra (TEY-XAS) collection. For C and N K-edge absorption, the data were collected at the 6-m high-energy spherical grating monochromator beamline with 10 × 10--μm opening slits, corresponding to \~0.08-eV energy resolution.

Rechargeable zinc-air battery
-----------------------------

Rechargeable zinc-air battery in two-electrode configuration was assembled according to the following procedure: first, the air electrode was made by dipping a pretreated carbon cloth substrate (1 × 2 cm^2^) into a bottle filled with 5 ml of catalyst ink (2 mg ml^**−**1^), gently shaking for 1 hour, followed by drying in air. This process was repeated once to reach a catalyst loading of about 0.5 mg cm^**−**2^. Subsequently, the catalyst-loaded carbon cloth was attached to a gas diffusion layer (AvCarb P75T, Fuel Cell Store) to form a carbon cloth/gas diffusion layer hybrid electrode for rechargeable zinc-air battery assembly. The electrolyte used was 6 M KOH filled with 0.2 M ZnCl~2~ to ensure reversible zinc electrochemical reactions at the anode.
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